Glycomics research requires the isolation of glycans from cells for structural characterization and functional studies of the glycans. A method for cell-based microscale isolation and quantification of highly sulfated, moderately sulfated, and nonsulfated glycosaminoglycans (GAGs) was developed using Chinese hamster ovary (CHO) cells. This microscale isolation relies on a mini-strong anion exchange spin column eluted stepwise with different concentrations of sodium chloride solution. Hyaluronic acid, chondroitin sulfate, and heparin were used to optimize the isolation of the endogenous glycosaminoglycans in CHO cells. This method can also be used to determine the presence of nonsulfated GAGs including heparosan, hyaluronic acid, and nonsulfated chondroitin.
INTRODUCTION
Glycomics research is currently undergoing rapid development as a result of recent advances in technologies for glycan structural analysis and is beginning to elucidate the structure-activity relationships of glycan-protein interactions. [1] [2] [3] [4] The most extensively studied complex glycans are glycosaminoglycans (GAGs), which are involved in many critical biological processes including development, angiogenesis, anticoagulation, axonal growth, cancer, and microbial/viral pathogenesis. [5, 6] GAGs include hyaluronic acid (HA), chondroitin sulfate/dermatan sulfate (CS/DS), keratan sulfate (KS), and heparan sulfate/heparin (HS/HP) families. HA is a structurally simple, nonsulfated polysaccharide consisting of alternating sequences of β-(1→4)-glucuronic acid and β-(1→3)-N-acetylglucosamine, of variable molecular weights. In contrast, the CS/DS (uronic acid α-or β-(1→3)-N-acetylgalactosamine-β-(1→4)) and HS/HP (uronic acid α-or β-(1→4)-N-acetylglucosamine-β-(1→4)) families are structurally complex, ranging from chains without sulfo groups (i.e., chondroitin and heparosan), to moderately sulfated chains of one to two sulfo groups/disaccharide repeating unit, to highly sulfated chains of three sulfo groups/disaccharide repeating unit. [7, 8] The net charge of a nonsulfated GAG might range from neutral at pH 3 (below the pI of the uronic acid carboxyl group) to -1,000 at pH 7. In contrast, sulfated GAGs are polyanions at virtually all biologically accessible pH values.
Glycomics research requires the isolation of glycans from cells for structural characterization and functional studies. In previous studies, our laboratory has successfully applied anion exchange spin columns for the isolation of HS/HP from serum, cells, and tissues. [9, 10] No method has been reported for cell-based microscale isolation of nonsulfated GAGs, such as HA, heparosan, and chondroitin, from biological samples. These nonsulfated GAGs were often simply ignored or underestimated in glycan analysis.
Chinese hamster ovary (CHO) cells are used in industrially important processes, such as the preparation of glycoprotein-based drugs. [11] Suspension CHO cells (CHO-S) are known to produce nonsulfated or moderately sulfated CS/DS and HS/HP GAGs without having measurable amounts of HA. [12] There are a variety of CHO cell lines, and the CHO-S line, capable of growing in suspension culture, is of particular pharmaceutical importance in preparing glycoprotein-based therapeutics and in metabolic engineering studies to produce heparin. [13] We have focused on the challenge of devising a method for the microscale recovery of the total GAG content (including nonsulfated, moderately sulfated, and highly sulfated GAGs) from cultured CHO-S cells containing a complex mixture of proteins, nucleic acids, and lipids. Such a recovery method would be of value in our metabolic engineering studies and directly applicable to glycomics studies of other cultured cells, biological fluids, and tissue samples. In the current study, we report a method for Downloaded by [ cell-based microscale isolation and quantification of highly sulfated, moderately sulfated, and nonsulfated GAGs using CHO cells. This microscale isolation relied on a mini-strong anion exchange spin column that was eluted stepwise with different concentrations of NaCl. The recovered GAGs were subjected to disaccharide compositional analysis, after 2-aminoacridone (AMAC) tagging, by single-step ultra-performance liquid chromatography (UPLC)-mass spectroscopy (MS). [14] The carbazole assay is a nonspecific, colorimetric method for the quantification of a purified mixture of GAGs that can be interfered with by impurities such as proteins. [5] Similarly, dye-binding assays are nonspecific methods for the quantification of GAGs, but these methods show widely different response factors for GAGs having different levels of sulfation. [16] Alternative approaches for the quantification of GAGs include specific disaccharide compositional analysis by high-performance liquid chromatography (HPLC), [17, 18] capillary electrophoresis, [19] and fluorophore-assisted carbohydrate electrophoresis. [20] These methods are very sensitive and are particularly useful for the microscale quantification of GAGs after digestion with GAG lyases. In our laboratory, reverse-phase ion-pairing (RPIP)-HPLC has been used successfully for the analysis of HS/HP disaccharides. [10] However, the ion-pairing reagents in mobile phase decrease the sensitivity of analytes on electrospray ionization mass and seriously contaminate the MS ion source, making this analytical method difficult to use on shared LC-MS instruments. Several highly sensitive analytical methods have involved labeling GAG-derived disaccharides through their reductive amination with AMAC, 2-aminobenzamide (2-AB), and 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-propionic acid (BODIPY) fluorophores. These labeled disaccharides are then detected with high sensitivity by HPLC [18] and CE with laser-induced fluorescence detection (CE-LIF). [21, 22] Recently, we demonstrated an improved, simplified, and highly sensitive method to analyze 17 AMAC-tagged standard disaccharides from HS/HP, CS/DS, and HA by a single RP-UPLC-MS analysis. [14] The current study examines the combination of microscale GAG recovery from CHO-S cells with this RP-UPLC-MS analysis.
RESULTS AND DISCUSSION
Recovery of HA, CS-A, and HP Using Anion Exchange Column HA (nonsulfated), CS-A (moderately sulfated, ∼1 sulfate/disaccharide), and HP (highly sulfated, ∼2.7 sulfates/disaccharide) were individually (100 µg of each) dissolved in water and bound to a mini-strong anion exchange spin column. The column was washed by water and sequentially three times with 0.1, 0.2, 0.3, 0.5, 1.0, 1.5, and 2.0 M NaCl. The GAG concentration in each tube was measured by carbazole assay (Fig. 1) . Despite an absence of sulfate groups, HA bound to the mini-strong anion exchange spin column. for the microscale analysis of GAGs, a simple separation procedure, strong anion exchange spin columns can facilitate the separate or combined recovery of HA, CS-A, and HP, GAGs having very different sulfation levels.
Recovery of HA from Protein Mixture by Strong Anion Exchange Column
HA (20 µg, 50 µg, and 100 µg) was mixed with the same amounts of bovine serum albumin before using a mini-strong anion exchange column to investigate if the presence of protein in the sample would influence HA recovery. After proteolysis and filtration, mini-strong anion exchange spin column was washed with 8 M urea buffer (2% CHAPS, pH 8.3) to remove peptides, followed by sequential, duplicate washes with 0.1, 0.2, 0.5, and 1.0 M aqueous NaCl solution. The HA concentration in each wash was determined by carbazole assay (Fig. 2) . HA bound to the mini-strong anion exchange column and was recovered in the 0.5 M NaCl wash. In the 100-µg HA sample, some HA was also recovered in 1.0 M NaCl wash. The percent recoveries from samples containing 20 µg, 50 µg, and 100 µg of HA were 86%, 79%, and 93%, respectively. Protein concentration, determined by the UV absorbance at 275 nm, showed that ∼70% of the bovine serum albumin had been removed by Actinase E proteolysis followed by ultrafiltration through a 10-kDa MWCO membrane and that the remaining protein was removed by washing the mini-strong anion exchange column with 8 M urea buffer, water, and 0.2 M NaCl, suggesting that the presence of protein in a sample would not adversely impact the recovery of GAGs (data not shown). While reverse-phase ion-pairing (RPIP)-UPLC coupled to electrospray ionization-mass spectrometry (ESI-MS) has been successfully applied for disaccharide analysis, [10] the presence of nonsulfated GAGs in CHO-S cells has been difficult to establish. This is because nonsulfated GAGs, such as heparosan, chondroitin, and hyaluronic acid, are hard to recover from cell samples, and in disaccharide analysis they elute early, close to the residual salt peak at the solvent front. Moreover, even when such analysis is successful, it is unclear whether the 0S HS and 0S CS disaccharides come from nonsulfated domains within moderately sulfated GAG chains or from GAG chains that are completely devoid of all sulfation.
A strong anion exchange spin column was used to separate the nonsulfated, moderately sulfated, and highly sulfated GAGs. The GAGs recovered in the 0.5 M and the 16% NaCl washes were treated with GAG lyases and AMAC labeled, and RP-UPLC-MS analysis was performed. The extracted ion chromatograms (EICs) of the disaccharides obtained from the CHO-S cell GAGs are presented in Figure 3 and their composition in Table 1 . Disaccharide analysis of endogenous CHO-S cell GAGs, eluting in the 0.5 M NaCl, showed a single peak corresponding to 0S HS (1.62 µg) consistent with the presence of heparosan chains devoid of all sulfation (Fig. 3b) . No 0S HA or 0S CS was observed, consistent with the absence of hyaluronic acid and nonsulfated chondroitin. The endogenous GAGs from CHO-S cells recovered in the 16% NaCl wash showed the presence of three major disaccharides, 0S HS , NS HS , and NS2S HS , and three minor disaccharides, 2S HS , 6S2S HS and TriS HS , from heparan sulfate chains both nonsulfated, moderately sulfated, and highly sulfated sequences (Fig. 3c) . Only one type of CS/DS disaccharide was observed corresponding to 4S CS , consistent with CS-A chains of uniform structure. The observed composition in the 16% NaCl wash is consistent with the disaccharide composition previously reported by RPIP-UPLC-MS analysis of CHO-S cells. [10] Surprisingly, we recovered heparosan in the 0.5 M NaCl wash, demonstrating that 29% of all the GAGs (0.52 µg CS, 3.48 µg HS, and 1.62 µg heparosan) in CHO-S cells were composed of heparosan, HS chains devoid of all sulfation. HS/HP is biosynthesized through a similar pathway in all eukaryotic cells. Chain elongation of heparosan on the tetrasaccharide linkage region on a core protein takes place in the Golgi, after which this linear homocopolymer is sequentially modified through the action of Ndeacetylase/N-sulfotransferase (NDST), C-5 epimerase (C5 Epi), and 2-,6-and 3-O-sulfotransferases (OSTs). [23] Apparently, in the case of CHO-S cells, no chain modification takes place on nearly a third of these chains. Current research in our laboratory is aimed at metabolic engineering of the HS biosynthetic pathway to produce secreted CHO cell HP. Metabolic engineering has focused on stably inserting selected genes encoding for more extensive chain modification steps, such as NDST-2 and 3OST-1, favoring the formation of anticoagulant HP in CHO cells. [13] The results of the current study demonstrate that a major fraction of chains in the CHO-S cell line escape all modification reactions. This suggests that these chains occupy Golgi compartments devoid of modification enzymes and that more extensive metabolic engineering combined with pathway balancing may be required for the successful production of HP in CHO cell culture. The separation and quantification of heparosan from cultured CHO cells will aid in monitoring the progress of these metabolic engineering studies.
Recovery of HA, CS-A, and HP in CHO-S Cells by Mini-Strong Anion Exchange Columns
In control experiments, added pure HA, CS-A, and HP (2 µg of each) were digested exhaustively with chondroitinases and heparinases, AMAC labeled, and analyzed by RP-UPLC-MS. Disaccharide analysis revealed that 71.2%, 62.4%, and 74.6% of the added HA, CS-A, and HP, respectively, had been recovered. The loss was mainly attributed to incomplete enzymatic digestion and incomplete recovery of disaccharides by MWCO spin column used to remove the GAG lyases. Next, CHO-S cells were used as the background for the evaluation of the recovery of added HA (nonsulfated), CS-A (moderately sulfated, ∼1 sulfate/disaccharide), and HP (highly sulfated, ∼2.7 sulfates/disaccharide) from a complex mixture. It should be noted that our analysis of CHO-S GAGs Downloaded by [Rensselaer Polytechnic Institute], [Robert J. Linhardt] at 13:16 02 July 2012 (Table 1) established the absence of 0S HA , 0S CS , and 6S CS containing GAGs with only very small amounts of TriS HS containing GAGs. Since these disaccharides are prominent in the added HA, CS-A, and HP, their presence serves as internal standards allowing us to calculate the recovery of HA (nonsulfated GAG), CS-A (moderately sulfated GAG), and HP (highly sulfated GAG).
After strong anion exchange spin column, followed by chondroitinase and heparinase digestion and AMAC labeling, the EICs were obtained in the RP-UPLC-MS disaccharide analysis of exogenous HA, CS-A, and HP added to CHO-S cells and percent recovery are shown in Figure 4 and Table 2 . The 0.5 M NaCl wash of cell samples containing 2 µg of added HA gave RP-UPLC-MS analyses showing two expected disaccharide peaks, corresponding to 0S HS and 0S HA , associated with the endogenous heparosan and exogenous HA (Fig.  4a) , consistent with the anticipated weak binding of HA to the strong anion exchange spin column. No 0S HA was observed in the disaccharide analysis of GAGs eluting in the 16% NaCl wash; instead, the disaccharide analysis of the 16% NaCl wash showed the presence of HS/HP and CS/DS disaccharides in the CHO-S cell samples. As shown in Figure 4b , 4S CS , 6S CS , and 0S CS concentration in CHO cells increased in GAGs eluted by 16% NaCl from the CS-A/CHO cell mixture. After addition of HP in CHO cells, TriS HS , NS6S HS , NS2S HS , 2S6S HS , 6S HS , and 2S HS peaks from heparin appeared in GAGs eluted by 16% NaCl and the concentration of NS HS and 0S HS increased (Fig. 4c ). The percent recovery of the 2 and 5 µg of added HA from the CHO cell/HA mixture in the form of 0S HA was 35% and 32%, respectively. In HA control experiments without CHO-S cells, the percent recovery of 0S HA from 2 µg HA, after all the same procedures, was 53.2%. The percent recovery of SAX spin column isolation from samples containing 2 and 5 µg of added HA was calculated as 50% and 45%, respectively. The recovery of SAX spin column isolation CS-A and heparin was 59% and 53%, respectively. The low GAGs recovery from CHO samples might be due to the multiple-step treatment procedure, including protein removal and desalting by membrane ultrafiltration, enzymatic disaccharide preparation, and purification. Our previous experiments showed that 100% of disaccharides were not able to pass through the ultrafiltration membrane (MWCO 10 kDa) even after five times washes. Despite the reduction in GAG recovery in the presence of cells, the percent recovery was still sufficient for reliable microscale analysis.
CONCLUSION
In summary, all GAG chains can be recovered and quantified from cultured cells using a stepwise procedure involving protease digestion and strong anion exchange chromatography, followed by centrifugal desalting, enzymatic digestion, AMAC labeling, and RP-UPLC-MS disaccharide analysis. The recovered AMAC-labeled disaccharides are free of most impurities and are of sufficient purity for accurate quantification. This method also demonstrates, for the first time, that heparosan, a nonsulfated form of HS, is a major GAG component in CHO-S cells.
EXPERIMENTAL Materials and Methods
Heparin (HP) sodium salt from pig intestinal and chondroitin sulfate A (CS-A) sodium salt from whale cartilage were from Celsus Laboratories (Cincinnati, OH, USA). Hyaluronic acid (HA) sodium salt was provided by Prof. Toshihiko Toida (Chiba University, Japan). Vivapure Q Mini H spin columns were from Sartoriou Stedim Biotech (Bohemia, NY, USA). The eight unsaturated HS/HP disaccharide standards unsaturated heparin/HS disaccharides standards (Di-0S, UA-GlcNAc; Di-NS, UA-GlcNS; Di-6S, UA-GlcNAc6S; Di-UA2S, UA2S-GlcNAc; Di-UA2SNS, UA2S-GlcNS; Di-NS6S, UA-GlcNS6S; Di-UA2S6S, UA2S-GlcNAc6S; and Di-triS, UA2S-GlcNS6S) and eight unsaturated CS/DS disaccharides standards (Di-0S, UA-GalNAc [where UA is -deoxy-L-threo-hex-4-enopyranosyl uronic acid]; Di-4S, UA-GalNAc4S; Di-6S, UA-GalNAc6S; Di-UA2S, UA2S-GalNAc; Di-diS B , UA2S-GalNAc4S; Di-diS D , UA2S-GalNAc6S; Di- UA-GalNAc4S6S; Di-triS, UA2S-GalNAc4S6S) were obtained from Seikagaku Corporation (Japan). One unsaturated disaccharide from HA, 0S HA , was from Iduron Co (Manchester, UK). AMAC and NaCNBH 3 were purchased from Sigma-Aldrich (St. Louis, MO, USA). Actinase E was from Kaken Biochemicals (Tokyo, Japan). Chondroitin lyase ABC from Proteus vulgaris and chondroitin lyase ACII from Arthrobacter aurescens was from Seikagaku Corporation (Tokyo, Japan). Recombinant Flavobacterial heparin lyase I, II, and III were expressed in our laboratory using Escherichia coli strains, provided by Professor Jian Liu (University of North Carolina, College of Pharmacy, Chapel Hill, NC, USA).
CHO-S Cell Culture
CHO-S cells were grown in CD-CHO medium supplemented with 2% HT (hypoxanthine/thymidine mixture, Gibco-Invitrogen, Carlsbad, CA, USA) and 8 mM Glutamax (Gibco-Invitrogen, Carlsbad, CA, USA). The cells were incubated in a 5% CO 2 and 37
• C incubator. For routine maintenance, cells were seeded at 2 × 10 5 cells/mL fresh media and cells were subcultured every 3 to 4 days. Cell viability was measured with hemocytometry and the trypan blue exclusion method.
Recovery of HA, CS-A, and HP by Strong Anion Exchange Column
HA, CS-A, and HP (100 µg) were individually dissolved into 200-µL aliquots of water. After a Vivapure MINI Q H spin column was pre-equilibrated with 200 µL of water, the sample was bound on the columns by centrifugation at 700 × g. [9] The column was eluted by washing three times with 200 µL of water followed by three washes with 0.1, 0.2, 0.3, 0.5, 1.0, 1.5, and 2.0 M NaCl solution. The content of GAG collected in each tube was estimated by carbazole assay. [15] Recovery of HA from Protein by Strong Anion Exchange Column HA samples (20 µg, 50 µg, or 100 µg) were individually mixed with bovine serum albumin (20 µg, 50 µg, or 100 µg). The samples dissolved in 1 mL water were individually proteolyzed with 5 mg/mL Actinase E for 20 h at 55
• C. The enzymatic products were filtered using an YM-10kDa MWCO centrifugal filter (Millipore, Billerica, MA, USA) to remove peptides. Samples from the top level of the filtration membrane were collected and lyophilized. The Vivapure MINI Q H spin column was pre-equilibrated with 8 M urea (2% CHAPS, pH 8.3), and after the digested sample was dissolved in 8 M urea buffer, the sample was bound on the column by centrifugation at 700 × g. After washing twice with 8 M urea buffer (2% CHAPS at pH 8. each tube was estimated by carbazole assay. [15] The percent recovery of HA (%) = [A 525nm /A in525nm] × 100 (A 525nm: absorbance of HA by carbazole assay; A in525nm: initial absorbance of HA in 200 µL by carbazole assay).
Recovery of HA, CS-A, and HP from CHO-S Cells by Strong Anion
Exchange Column [10] CHO-S cells (1 × 10 7 ) was freeze-dried overnight and incubated with actinase E (2 mg/mL) in 1 mL solution at 55
• C for 20 h. After removing the particulates from the resulting solutions by a 0.22-µm membrane, the peptides were removed by a Microcon Centrifugal Filter Units YM-10 (10 k MWCO) by centrifuging at 10,000 × g. Then residual GAGs on membrane were collected and purified by Vivapure MINI Q H spin column by eluting with three 300-µL washes each of water, 0.2 M, 0.5 M, and 16% NaCl.
Another HA, CS-A, and HP (2 µg or 5 µg) sample was individually mixed with CHO-S cells (1 × 10 7 ) and the same procedure was applied to separate HA, CS-A, HP, and endogenous GAGs in CHO-S cells by Vivapure MINI Q H spin column after proteolysis and filtration to remove peptides. The 0.5 M and 16% aqueous NaCl washes were each recovered, desalted, and lyophilized for disaccharide analysis. HA, CS-A, and HP (2 µg) without cells were treated similarly to control experiments. The percent recovery of HA (CS-A and HP) (%) = total amount of disaccharides from HA (CS-A and HP)/initial amount of HA (CS-A and HP).
